Running title: Barrett's oesophagus and OAC share a primitive intestinal transcription factor network.
Introduction
Oesophageal adenocarcinoma (OAC) is one of the eight most common cancers in the Western world and yet it has very low survival rates (Pennathur et al., 2013) . One reason for the poor prognosis is the lack of tailored therapies due to the relative paucity of molecular knowledge compared to other cancers. We are beginning to understand the molecular mechanisms underpinning this disease, chiefly through genomic sequencing studies, which have revealed multiple genes that are recurrently mutated in OAC (Dulak et al. 2013; Weaver et al., 2014; Ross-Innes et al., 2015; Frankell et al., 2018) . However, with the exception of TP53, the overall incidence of mutations in individual genes is low. By grouping genes in broader functional categories, frequently mutated pathways have been uncovered, such as chromatin remodelling complexes, the RAS-ERK signalling pathway and cell cycle control pathways. Another broader category of interest is comprised of genes encoding transcriptional regulatory proteins which include both GATA4 and GATA6. Together amplification of the genes encoding these two transcription factors has been reported in up to 40% of OAC cases (Lin et al., 2012; The Cancer Genome Atlas Network, 2017) . This suggests that transcriptional network rewiring might be an important element in the progression of OAC.
There are persuasive arguments in favour of OAC developing from a pre-existing condition known as Barrett's oesophagus (Desai et al., 2012; Burke and Tosh, 2012) . OAC and Barrett's share a large number of molecular markers. For example, many of the mutations found in OAC are already present in Barrett's, including in TP53, suggesting that they may help drive the transition to Barrett's as a stepwise process to OAC, rather than to OAC directly from healthy tissue (Stachler et al., 2015; Ross-Innes et al., 2015) . In contrast, focal gene amplifications tend to arise following the transition from Barrett's to OAC suggesting that these may play a more important role in establishing the OAC state (Lin et al., 2012; Ross-Innes et al., 2015; Yamamoto et al., 2016) . Morphologically, the normal oesophagus consists of a stratified squamous epithelium, but Barrett's differs significantly from this and instead resembles a columnar epithelium, typically found in the more distal gastrointestinal tract (reviewed in Spechler and Souza, 2014) . Several models have been proposed for how this metaplastic transition occurs including transdifferentiation from normal oesophageal epithelial cells (Stairs et al., 2008; Vega et al., 2014) , colonisation by migrating cells of gastric origin (Quante et al., 2012) or more recently, changes to cells from the gastroesophageal junction (GOJ) (Jiang et al., 2017) .
Despite these advances, mutational signatures have not yet provided a unified insight into how OAC is initiated and maintained. Changes to the epigenetic landscape might be a major contributing factor, and this scenario has been implicated in other cancers (Davie et al., 2015; Rendeiro et al., 2016) . To gain insights into the molecular mechanisms that are operational in OAC, we therefore turned to ATAC-seq to study the open chromatin landscape as this has been successfully applied to studying cell fate transitions such as neuron differentiation from fibroblasts (Wapinski et al., 2017) , haematopoiesis (Yu et al., 2016) , epidermal differentiation (Bao et al., 2015) and embryonic development (Cusanovich et al. 2018) . We recently applied this approach on cell line models of OAC to uncover AP1 as a major transcriptional regulator in this context . In the current study, we interrogated the chromatin landscape of patient samples, and uncovered a complex regulatory network in OAC, shared with Barrett's oesophagus, consisting of several transcription factors that usually operate during early human intestinal development (HNF4A, GATA6, FOXA1 and HNF1B). Among these, HNF4A was demonstrated to possess pioneering activity and is sufficient to drive chromatin opening and induce a Barrett's-like phenotype.
Wellington algorithm (Piper et al., 2013) , we again identified the motifs for HNF4A/G and GATA6 ( Supplementary Fig. S1D ). Next we used BaGFoot (Baek et al., 2017) to identify motifs that showed evidence of changes of occupancy through altered "footprinting" in the OAC samples across all of the top 50,000 open regions in the tissue-derived ATAC-seq datasets. Again, we identified motifs for the HNF4, GATA, FOXA and HNF1 transcription factor subfamilies in this analysis which all exhibited greater localised accessibility in cancer, with the GATA6 and HNF1B motifs showing particularly strong increases in footprinting depth across the motif itself ( Fig. 1H; Supplementary Fig. S2 ). Conversely, the p53 motif showed evidence of reduced footprinting depth and local chromatin accessibility ( Supplementary Fig. S2 ). Given the enrichment of these TF motifs, we next determined whether any of the transcription factors which recognise these motifs are upregulated in OAC. Again, we used RNAseq data from normal oesophageal and OAC tissue (Maag et al. 2017 ) and found that GATA4/6, and HNF4, FOXA and HNF1 family members are all upregulated in OAC samples, albeit with different subfamily members in individual patients ( Fig. 1I ; Supplementary Fig. S1E ). Furthermore, representative genes encoding transcription factors from these subclasses also show increased ATAC-seq signal in their putative regulatory regions in OAC tissue compared to normal tissue ( Supplementary Fig. S1F ), consistent with their transcriptional upregulation. To determine whether these transcription factors may form a network in OAC, we focussed on HNF4A and GATA6 motifs in regions of open chromatin and counted the frequency of co-occurring motifs for HNF4A, GATA6, FOXA1, HNF1B and AP1 within the same regions. For both HNF4A and GATA6 motifs, there is a significantly different distribution of co-occurring motifs in regions that are more accessible in OAC compared to randomly selected genomic regions containing either of these motifs ( Supplementary  Fig.1G ). This is particularly marked for the co-occurrence of HNF4A with GATA6 motifs and suggests the existence of a complex transcription factor network in OAC.
Given the conflicting theories about how OAC arises, we wanted to explore where else this regulatory pattern of transcription factor activity might be observed. Given the highest enrichment for the GO term 'regulation of cell development' (Fig. S1B ), we hypothesized that OAC might be mimicking aspects of human embryogenesis, and in particular distal foregut endoderm (Gerrard et al, 2016) . Indeed, the cohort of nine transcription factors were most highly enriched in embryonic derivatives of distal foregut endoderm (stomach and liver) compared to proximal derivatives (thyroid or lung) or tissues mainly derived from other germ layers [e.g. brain (ectoderm) or heart ventricle, adrenal or kidney (mesoderm)] ( Supplementary Fig. S3 ). However, strong co-expression was not observed in any single tissue type. To explore this further, we integrated the human embryonic data with RNAseq from differentiating human pluripotent stem cells. The strongest enrichment was observed at the stage of foregut endoderm/early liver differentiation, where representative members from each of the four subfamilies are co-expressed.
Collectively, these data implicate HNF4A, GATA6, FOXA2/3 and HNF1B as a group of transcription factors specific to OAC controlling gene expression predominantly through distal regulatory sites. This complement of factors points to OAC arising due to a reactivation of a distal human embryonic foregut phenotype.
Identifying the GATA6 and HNF4A cistrome.
As GATA6 and HNF4A show the highest motif occurrence and the highest differential expression in OAC, we focussed on these two transcription factors, and aimed to determine their role in controlling gene expression in OAC cells. We first sought a suitable cell line whose open chromatin environment resembled that found in the patient-derived OAC samples. Initially we used PCA to cluster the open chromatin regions from four OAC-derived cell lines with the patient-derived samples. OE19 cells were clearly identified as most closely resembling the open chromatin landscape of primary OAC ( Supplementary Fig. S4A ). This was confirmed by Pearson's correlation analysis ( Supplementary Fig. S4B ). Additionally, both GATA6 and HNF4A levels are elevated in OE19 cells compared to the other cell lines ( Supplementary Fig. S4C ). CLRN3 has been identified as a HNF4A transcriptional target in iPSC-derived hepatocytes (Mallanna et al., 2016) and CLDN18 has been confirmed as a GATA6 target in gastric cancer (Sulahian et al. 2014 ), therefore we used these likely targets to test the regulatory potential of HNF4A and GATA6 in OE19 cells. Both of these genes exhibit multiple regions of increased chromatin accessibility in both tumour tissue and OE19 cells, several of which contain motifs for HNF4A or GATA6 binding ( Supplementary Fig. S4D ). ChIP-qPCR confirmed occupancy of regions by HNF4A and GATA6 containing their cognate binding motifs, while control regions lacking these motifs showed little evidence of binding ( Supplementary Fig. S4E ).
Next, to gain a more comprehensive view of the role of HNF4A and GATA6 we expanded our analysis of their cistromes by ChIP-seq in OE19 cells. The HNF4A and GATA6 antibodies robustly precipitated the respective proteins ( Supplementary Fig. S5A ) and replicate ChIP-seq experiments were highly reproducible ( Supplementary Fig. S5B and C). We therefore took the overlap of the two replicates forward for further analyses, resulting in 6,870 and 37,658 binding regions for HNF4A and GATA6 respectively ( Supplementary Table S3 ). To ensure that all peaks taken forward were functional, we ranked peaks from both datasets by enrichment, partitioned peaks into 10% bins and searched for respective motifs. All bins showed a high enrichment of motifs ranging from 87% to 32% for HNF4A and 70% to 28% for GATA6 ( Supplementary Fig. S5D ), therefore we kept all peaks for further analyses. Very similar genomic distributions were observed for each transcription factor, with the majority (90%) being in intra-or intergenic regions ( Fig. 2A ). DNA motif analysis identified HNF4A and GATA6 as the top enriched motifs in their respective datasets (>42% of regions in both cases)( Fig. 2B ) and although these motifs tended to be more prevalent in the higher confidence binding regions, these motifs were distributed throughout the entire datasets ( Supplementary Fig.  S5D ). Interestingly, we identified AP-1 as the next most enriched motif in both cases, in keeping with our previous finding of AP1 as an important factor in OAC , but in addition we also identified GATA motifs in the HNF4A binding regions and Forkhead binding motifs in the GATA6 binding regions ( Fig. 2B ; Supplementary Table S4 ). Although the HNF4A motif was not among the top enriched motifs in the GATA6 ChIP-seq dataset, searching for the HNF4A DNA binding motif within GATA6 bound regions revealed that 8.1% of GATA6 ChIP-seq regions contain a HNF4A motif ( Supplementary Fig. S5E ). These observations are in keeping with our identification of the same motifs in the context of open chromatin regions in OAC ( Fig. 1F ) and suggest an integrated network of transcription factors. Indeed, the majority (74%) of HNF4A binding regions are also occupied by GATA6 ( Fig. 2C and D). One locus showing such co-occupancy is IRAK2, although uniquely bound regions can be identified in other loci including CLDN18 and HES4 (Fig. 2E ). The regions co-occupied by both HNF4A and GATA6 exhibit low levels of open chromatin in non-cancerous oesophageal Het1A cells, but show elevated levels of open chromatin in OE19 cells compared to the single occupied regions, suggesting that these may have more regulatory potential ( Fig. 2D ).
To relate these findings back to patient-derived samples, we asked whether the HNF4A and GATA6 binding regions are accessible in our biopsies from normal tissue and OAC. Little evidence of open chromatin is apparent in normal tissue but elevated levels are seen in OAC tissue, which is particularly marked in regions occupied by HNF4A alone and co-occupied by both HNF4A and GATA6 in OE19 cells ( Fig. 2F ). We also asked whether we could detect changes in DNA accessibility in and around the HNF4A and GATA6 binding motifs within their binding regions, when comparing data from normal and OAC samples. Clear footprints were observed centred on the HNF4A motifs in OAC tissue which were particularly prominent in regions co-occupied with GATA6 ( Fig. 2G ; Supplementary Fig. S5F ). Similarly, we also observed a footprint around the GATA6 motifs in OAC tissue but this was only observed in the co-occupied regions ( Fig. 2G ; Supplementary Fig. S5F ). Similar results were obtained when comparing chromatin accessibility data from cell line models ( Supplementary Fig. S5F ). Finally, we asked whether any of the footprints we identified in the patient-derived OAC material overlapped with the binding regions for HNF4A and GATA6 and found that 75% of these overlapped with one or other factor, with the largest percentage (41%) being associated with the regions co-bound by HNF4A and GATA6 ( Fig. 2H ).
Collectively, these data demonstrate that HNF4A and GATA6 bind to a large number of regulatory regions in OAC cells. More importantly, these factors usually co-occupy the same regions and these co-occupied sites are potentially more functionally relevant in OAC as they are associated with more open chromatin and deeper footprints in both cell line models and patient samples.
The GATA6 and HNF4A regulome.
Having established the HNF4A and GATA6 cistromes, we next determined their effects on gene expression by depleting them individually and in combination in OE19 cells. Efficient depletion of both transcription factors was achieved at both the RNA and protein levels ( Supplementary Fig.  S6A -D), and the expected down regulation of the target genes CLRN3 and CLDN18 was achieved by depletion of HNF4A and GATA6 respectively ( Supplementary Fig. S6B and D). RNAseq was then performed, data quality verified ( Supplementary Fig. S6E ) and differentially expressed genes identified. We focussed on likely direct target genes (defined as being associated with an annotated ChIP-seq peak) and identified 489 and 1,122 genes whose expression was changed by >1.3 fold (pvalue <0.05) following HNF4A and GATA6 depletion respectively ( Fig. 3A ; Supplementary Table S5A and B). As expected for activating transcription factors, the majority (~70% in both cases) were downregulated. Surprisingly, given the large overlap in binding the overlap in genes down or up regulated by each protein was relatively modest (albeit very significant), suggesting that either HNF4A or GATA6 might be the more dominant factor at different genes ( Fig. 3B ). To identify further potential regulated genes we performed RNAseq following depletion of both HNF4A and GATA6. This identified a further 156 deregulated genes (69 down and 87 up regulated) when both factors are depleted together in addition to the 92 genes which are commonly reregulated by either treatment alone ( Fig. 3C ; Supplementary Table S5C ). GO term analysis of all the genes downregulated by depletion of either HNF4A or GATA6 showed enriched GO terms for "Glycoprotein metabolic process", "Response to wounding" and "Regulation of hormone levels" (Fig. 3D ). Similar terms were uncovered when individually analysing the genes deregulated by depletion of either factor alone ( Supplementary Fig. S6F ). Importantly, several of these GO terms are also similar to the GO terms identified in regions that are specifically accessible in patient-derived OAC samples ( Supplementary Fig. S1C ) indicating the HNF4A and GATA6 regulome contributes to the overall phenotype of OAC.
To determine whether the HNF4A-and GATA6-regulated genes are relevant to OAC, we examined whether any changes in their expression could be observed in OAC compared to normal oesophageal tissue. We focussed on the genes that were downregulated following siRNA treatment as these are more likely direct targets normally activated by these transcription factors. Significantly higher expression of the genes activated by both HNF4A and GATA6 in OE19 cells was observed in OAC tissue, with a lower but still significant increase in expression for the cohort of genes activated by GATA6 alone (Fig. 3E ). In contrast, the genes that are upregulated following siRNA treatment (i.e. likely indirect effects) are not expressed at higher levels in OAC tissue ( Fig. 3E ). An identical trend was observed in a different dataset, with highest expression in cancer being observed for genes activated by both HNF4A and GATA6 ( Supplementary Fig. S7 ). Hierarchical clustering using Pearson's correlation of the expression of genes activated by both factors in normal and OAC tissue completely separates the two tissues ( Fig. 3F) , again suggesting that the expression of HNF4A, GATA6 and their target genes are biologically relevant. Two example genes from this category are LGALS4 and LIG4 (Fig. 3G ). Both are direct targets for HNF4A and GATA6, both are associated with regions of open chromatin around these sites only in OAC tissue, and both have OAC-specific footprints. Importantly, these changes in HNF4A and GATA6 binding activity are also associated with increased gene expression in the context of OAC ( Fig. 3H ).
Collectively, these data demonstrate that HNF4A and GATA6 directly regulate a set of genes that are expressed at higher levels in OAC tissue, and are consistent with our identification of HNF4A and GATA6 binding motifs in the open regulatory regions that are specific to OAC.
The HNF4A-GATA6 regulatory network is operational in Barrett's oesophagus.
Our results suggest an important role for the regulatory network involving HNF4A and GATA6 in OAC. However, OAC is thought to usually arise from a pre-cancerous metaplastic state known as Barrett's oesophagus (Desai et al., 2012) . We therefore asked whether this regulatory network could be detected in Barrett's oesophageal tissue. First we performed ATAC-seq on nondysplastic Barrett's tissue taken from four different patients. The data from these samples was highly consistent ( Supplementary Fig. S8A ). PCA analysis demonstrated that the Barrett's samples clustered together with the OAC samples rather than the samples from normal tissue (Fig. 4A ). We therefore compared the open chromatin regions from Barrett's samples with those found in normal oesophageal tissue ( Supplementary Table S6 ). The majority (>98%) of changes in accessibility were found in non-promoter regions i.e. intra-and intergenic regions with chromatin opening being the predominant (64%) change in Barrett's cells ( Fig. 4B and 4C ). Interestingly, "gland development" was among the enriched GO terms in genes associated with opening chromatin regions, which is in keeping with the conversion of the stratified epithelium of the oesophagus to a glandular epithelium in Barrett's cases ( Supplementary Fig. S8C ).
Next, to identify potential upstream regulatory proteins, we searched for enriched motifs in 'open in Barrett's' non-promoter regions and identified motifs for Forkhead, GATA and HNF4 related transcription factors as the most enriched in the regions which are more accessible in Barrett's cells. Conversely, the p53 binding motif is enriched in the regions which become less accessible in Barrett's cells ( Fig. 4D ; Supplementary Table S7 ). We also used BaGFoot (Baek et al., 2017) to identify motifs that showed evidence of changes of occupancy through altered "footprinting" in all of the open chromatin regions in the Barrett's samples. Again, we identified motifs for GATA6 and Forkhead transcription factors and in addition the motifs for HNF1A/B showed particularly strong increases in both footprinting depth across the motif and accessibility in the local surrounding area ( Fig. 4E; Supplementary Fig. S9 ). Although the HNF4A motif was not identified using BaGFoot, centring accessible regions in Barrett's onto the HNF4A motif and plotting ATAC-seq signal across these regions shows a clear footprint in Barrett's cells compared to normal tissue ( Supplementary  Fig. S8D) . It therefore appears that the same transcription factors which we identified in OAC are associated with the open chromatin regions in Barrett's oesophageal cells. To identify the likely transcription factors binding to these sites, we examined the expression of several family members in Barrett's and normal oesophageal tissue (Maag et al., 2017) . GATA6, HNF4A/G, HNF1A/B and FOXA1,2,3 are all expressed to higher levels in Barrett's samples ( Fig. 4E; Supplementary Fig. S8D ). Given the prominent appearance of HNF4A and GATA6 binding motifs, we examined the expression of the genes in Barrett's samples that are directly regulated by HNF4A and GATA6 in OE19 cells. In keeping with a likely regulatory role for these transcription factors, these same sets of genes are also upregulated in Barrett's tissue ( Supplementary Fig. S8F ).
Finally, as a direct comparison, we compared the open chromatin landscape of OAC cells with that found in Barrett's and normal oesophageal tissue. Regions that are more accessible in Barrett's oesophagus cells maintain this accessibility in OAC cells. Closed regions also maintain a similar state of accessibility in OAC (Fig. 4G ). Genome browser tracks of the LGALS4 (gained accessible region) and TFAP2B (lost accessible region) loci illustrate the "maintenance" of chromatin accessibility states in OAC compared to Barrett's oesophagus (Fig. 4H ). Expression of LGALS4 and TFAP2B show higher or lower expression in Barrett's oesophagus respectively, and this level of expression is maintained in OAC, mirroring the loci accessibility patterns (Fig. 4I ).
Together this data therefore indicates that the regulatory network involving HNF4A, GATA6, HNF1B and FOXA transcription factors is already established in Barrett's metaplastic cells and is maintained in OAC cells.
HNF4A drives the formation of open chromatin.
Our results are consistent with two possible models. Either one or more of the transcription factors in the regulatory network can bind to pre-configured open chromatin in Barrett's and OAC cells or instead they might themselves directly trigger this opening. To test the latter possibility, we used lentivirus with doxycycline inducible constructs to express either HNF4A or GATA6 in the "normal" oesophageal Het1A cells and profiled the resulting open chromatin landscape using ATACseq after induction.
Western blot and RT-qPCR analysis demonstrated induction of HNF4A and GATA6 protein and mRNA after 2 days of doxycycline treatment and this was maintained at 4 days ( Fig. 5A , Supplementary Fig. S10A ). ATAC-seq was then performed after 2 days and 4 days of doxycycline treatment. All replicates had high levels of correlation ( Supplementary Fig. S10B ), thus we merged the alignment files of the replicates of all samples from either the HNF4A expression or GATA6 expression time course and re-called peaks from each of these combined datasets. We then took the top 50,000 most significant regions to calculate differential accessibility between parental Het1A cells and Het1A-HNF4A and Het1A-GATA6 cells at two and four days of induction ( Supplementary  Table S8A and S8D). Differential accessibility analysis determined that HNF4A overexpression resulted in 2973 regions with increased accessibility and 976 regions with decreased accessibility after two days of induction. In contrast, after two days of induction of GATA6, only 87 regions became more accessible, and only 149 became less accessible. After four days of induction, the number of differential accessible regions remained similar for both transcription factors, thus we focussed on two days of induction to identify the immediate effects of transcription factor overexpression ( Supplementary Fig. S10C ; Supplementary Table S8A -F) . As HNF4A appears to be able to drive the formation of open chromatin much more robustly that GATA6, we decided to focus on the chromatin regions that are dynamically controlled by HNF4A. The genomic distribution of regions that become more accessible after HNF4A induction is similar to the HNF4A binding regions identified by HNF4A ChIP-seq ( Supplementary Fig. S10D ), and there was extensive overlap of accessible regions between 2 days and 4 days of induction ( Supplementary Fig. S10E ). De novo transcription factor motif discovery in the chromatin regions that open up following HNF4A expression, uncovered over-representation of binding motifs for AP-1, HNF4A and TEAD ( Fig. 5B ; Supplementary Table S9) . Surprisingly, the GATA motif was not enriched in these regions. We next used BaGFoot to simultaneously look for differential accessibility and footprinting at these regions. The HNF4A motif showed both increased footprinting and increased accessibility ( Fig. 5C ; Supplementary Fig. S11 ). These data indicate that the differential accessible regions induced by HNF4A overexpression are indeed driven by HNF4A.
We next sought out to investigate whether the regions of differential accessibility in Barrett's are associated with the HNF4A-induced accessible regions in Het1A cells. First we centred the "open in Barrett's" regions onto their HNF4A motifs and then plotted the average normalised ATAC-seq signal from parental Het1A and Het1A-HNF4A at 2 and 4 days of induction. Regions with a motif showed large increases of accessibility at 2 days and this was maintained at 4 days, whereas regions without a motif showed lower levels of increased accessibility (Fig. 5D ). To further delineate the induction of chromatin accessibility, we took all of the regions which showed increased accessibility in Barrett's, centred them on the HNF4A motif and plotted the tag densities of the ATAC-seq signals from the HNF4A induction profile in Het1A cells around the centre of these peaks. The profiles were then subjected to k-means clustering which revealed three clusters, characterised by strong opening of chromatin (cluster 1), more moderate levels of chromatin opening (cluster 2) and little chromatin opening (cluster 3) ( Fig. 5E; Supplementary Fig. S10G ). Regions that show evidence of increased accessibility following HNF4A-overexpression make up 64/298 (21%) of the open chromatin regions in Barrett's with a HNF4A motif. Two example regions are associated with LIG4 and USP38, which show an induction of chromatin opening with HNF4A, a region of accessibility in Barrett's and OAC and also show direct evidence of HNF4A by ChIP-seq ( Fig. 5F ). More generally we asked whether the genes associated with HNF4A-mediated open chromatin regions showed any communalities to those found in OAC or Barrett's tissue samples. Similar biological processes are affected with several GO terms were found to be in common such as "regulation of cell adhesion", "gland development" and "response to wounding" (Supplementary Fig. S10F ).
Collectively, these results indicate that HNF4A is capable of inducing chromatin opening in normal oesophageal cells, and in this context, it is able to promote the opening of regions of chromatin that are seen to be differentially accessible in Barrett's and OAC. HNF4A therefore has the potential to promote a pivotal initiation event in Barrett's oesophagus formation.
Discussion
Cancer genome sequencing efforts have given us insights into the mutational spectrum and hence the potential molecular causes of OAC (Weaver et al., 2014; Dulak et al., 2013; Ross-Innes et al., 2015) . These have contributed to a model where OAC develops from a pre-cancerous state known as Barrett's oesophagus. Barrett's oesophagus itself is thought to be caused by acid reflux around the gastro-oesophageal junction (GOJ) which triggers a change in the structure of the epithelial lining of the oesophagus from a stratified epithelium to a glandular epithelium (reviewed in Spechler and Souza, 2014) . However, in addition to genetic changes, epigenetic alterations to the chromatin landscape are also likely to play an important role in disease progression. Several recent studies that have used ATAC-seq and open chromatin profiling to uncover the regulatory networks involved in cancer such as in small cell lung cancer metastasis (Denny et al., 2016) , ER-dependent breast cancer (Toska et al., 2017) and EMT (Pastushenko et al., 2018) . Here, we have used ATAC-seq to uncover the regulatory open chromatin landscape of OAC and non-dysplastic Barrett's samples from patients, and demonstrate that they exhibit many similarities. This provides strong molecular support for Barrett's being a precursor state to OAC.
Previously we identified AP1 as an important regulatory transcription factor in OAC . Here we took a more focussed approach and investigated a subset of OAC samples which enabled us to uncover a regulatory network comprised of HNF4A, GATA6, HNF1B and FOXA1 transcription factors that exists in OAC but is already activated in Barrett's ( Fig. 4D and 4E; Fig. 5G ). These transcription factors have all been shown to play a role in intestinal development (Verzi et al., 2010; Beuling et al., 2012; Kerschner et al., 2014; Walker et al., 2014; Gosalia et al., 2015; San Roman et al., 2015; Yang et al., 2016) , suggesting that Barrett's and OAC cells have reverted to a more primitive state where these factors are operational. For example, HNF4A, GATA6 and FOXA3 are all broadly expressed in the stomach, liver, pancreas and intestine during mouse embryogenesis but are absent from the oesophagus (Sherwood et al., 2009) . Similarly, we show that these factors are all expressed during early human intestinal development but with the exception of early definitive endoderm, co-expression is not observed in any particular organ (see Supplementary Fig. S3 ). An alternative hypothesis is that rare cells may exist that contain this regulatory network and may act for example as stem cells for replenishing the oesophageal epithelium. By focussing on two of the highest expressed members of this network, HNF4A and GATA6 we showed that these two factors co-occupy many genomic loci and work together to control gene expression. However, it is likely that a much more complicated interacting network exists with multiple combinatorial interactions involving these two transcription factors, HNF1B and FOXA1. Indeed, in addition to the family members we have focussed on, other related proteins such as HNF4G, GATA4, HNF1A, and FOXA2/3 are also expressed at higher levels in Barrett's and OAC. Thus it is likely that there is functional redundancy built into the regulatory network, which may in part explain why the numbers of genes we find to be regulated by HNF4A and GATA6 is an order of magnitude lower than the number of direct targets. It is currently unclear how this network is initially established but we demonstrate that HNF4A is able to penetrate and open up regions of inaccessible chromatin which may represent one of the initiating events for Barrett's development. Indeed, these results are consistent with the observation that HNF4A over-expression in mouse oesophageal epithelial cells is sufficient to induce the expression of several Barrett's-specific markers (Colleypriest et al., 2017) . This activity of HNF4A is akin to pioneering activity which has been demonstrated for several transcription factors (Zaret and Carroll, 2011) . However, GATA6 did not demonstrate widespread pioneering activity, and there is a distinct lack of GATA motifs in the HNF4A-induced accessible chromatin regions, despite our demonstration of widespread co-binding of HNF4 and GATA factors in Barrett's and OAC cells. This suggests that although HNF4A may be an initial driver, additional events must occur to facilitate subsequent GATA factor binding to expand the regulatory network.
GATA4 and GATA6 have previously been implicated in OAC by the numerous studies which have observed that their loci are frequently amplified in the transition from Barrett's oesophagus to cancer (Lin et al., 2012; Stachler et al., 2015) . However, we show here that these transcription factors are already expressed in Barrett's and are associated with largely the same open chromatin regions in both Barrett's and OAC. This suggests that the supra physiological levels of GATA4/6 arising from genomic amplifications, may act on a different set of loci to drive OAC formation. Patient samples containing such amplifications are needed to test this hypothesis. Interestingly, GATA6 has also been shown to operate in gastric cancer (Sulahian et al., 2014; Chia et al., 2015) . Recent genome sequencing data indicated that CIN variant gastric, GOJ and OAC tumours are closely related at the molecular level (The Cancer Genome Atlas Network, 2017). Our data therefore further support this conclusion. Indeed, the OE19 cells we use here to functionally validate a role for HNF4A and GATA6 were isolated from the GOJ, and these cells contain an open chromatin landscape that most closely resembles the data from patient-derived OAC samples.
HNF1A is known to respond to bile acids and has been shown to upregulate MUC4 in OAC cells (Piessen et al., 2007) . Furthermore, HNF4A has previously been implicated in the initial response of normal human oesophageal mucosa to bile acids (Green et al., 2014) . More recently, HNF4A has been shown to be sufficient to induce a columnar-like phenotype in adult mouse oesophageal epithelium (Colleypriest et al., 2017) . These results suggest that HNF1A/B and HNF4A may play an initiating role in promoting the transition to Barrett's in human disease. Indeed, our results demonstrate that forced expression of HNF4A in normal oesophageal epithelial cells is sufficient to trigger chromatin opening that are observed in Barrett's and maintained in OAC. This provides further evidence to suggest that Barrett's might arise directly from the oesophageal squamous epithelium. Alternatively, the same mechanisms might trigger the transition from other cell types that have been proposed as the cell of origin including cells from the GOJ (Jiang et al., 2017) or migrating cells of gastric origin (Quante et al., 2012) .
While we have uncovered a transcriptional regulatory network that clearly links OAC cases to underlying Barrett's, it is possible that cells may directly transition to OAC without transitioning through Barrett's. Indeed two of the OAC cases that we have studied do not possess the open chromatin landscape that is characteristics of Barrett's oesophageal cells ( Supplementary Fig. S1A ; Britton et al., 2017) . Further samples are needed to study alternative open chromatin landscapes and the underlying regulatory networks that might be established in OAC
In summary, we have used open chromatin profiling to uncover the transcriptional regulatory networks that are operational in Barrett's oesophagus and retained in OAC. This provides molecular insights into the stepwise progression towards OAC and implicates the re-activation of a set of transcription factors usually associated with primitive intestinal development from the HNF4, GATA, FOXA and HNF1 subfamilies. This is therefore a potentially powerful approach to uncover regulatory pathways in cancer cells, stratify cancers, and identify biomarkers which can complement and extend the insights being provided through ongoing genomic sequencing efforts.
Experimental procedures

Ethics statement
Ethical approval for collection of Barrett's oesophagus tissue samples from patients at Leigh Infirmary was granted by the ethics committees Salford Royal NHS Foundation Trust (2010) respectively (04/Q1410/57). Patient consent was obtained in written form and signed by the patient and doctor.
Cell culture
All cells were cultured in an incubator maintained at 37°C and 5% CO 2 . OE19 cells were cultured in RPMI 1640 media (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin-streptomycin (Gibco). Het1A and HEK293T cells were cultured in DMEM media (Gibco) with 10% FBS and 1% penicillin-streptomycin. Human tissue was processed as described previously . The expression of HNF4A and GATA6 was induced by treating Het1A-HNF4A or Het1A-GATA6 cells with 100 ng/mL doxycycline (Sigma). Parental Het1A cells were treated with 100ng/mL doxycycline as a control for 4 days.
Barrett's oesophagus tissue collection
~2mm Barrett's oesophagus samples were obtained from four consenting patients. All patients presented with at least C3M3 Barrett's, which is defined as 'long' Barrett's and is of higher risk of progression to OAC (Fitzgerald et al., 2014) . Intestinal metaplasia histology and no evidence of dysplasia was confirmed for all samples.
RNA isolation and RT-qPCR
RNA was isolated from 2 x 10 5 cells using a RNeasy RNA extraction kit (Qiagen, 74136) as per the manufacturer's instructions. RT-qPCR was carried out using QuantiTect SYBR® Green RT-PCR Kit (Qiagen) using the primer pairs detailed in Table S10 . Relative gene expression was calculated using the ΔΔCT method relative to levels of RPLP0 mRNA. siRNA transfection SMART-pool siRNAs against HNF4A (Dharmacon, L-003406-00-0005), GATA6 (Dharmacon, L-008351-00-0005), and control non-targting siRNA (siNT; Dharmacon, D-001810-10-0020) were transfected using Lipofectamine® RNAiMAX Transfection Reagent (Thermofisher, 13778150) as per the manufacturer's instructions. Briefly, 2 x 10 5 cells were transfected with 100 pmol siRNA and RNA was harvested 72 hours later.
RNA-seq analysis
RNA-seq libraries were prepared using a TruSeq stranded mRNA sample prep kit and run on a HiSeq 4000 (Illumina) platform. Illumina adapters were trimmed using Trimmomatic v0.32 (Bolger et al., 2014) . Trimmed reads were aligned to the RefSeq transcript annotation of human genome 19 (hg19) using STAR aligner v2.3.0e (Dobin et al., 2013) . Reads mapping to chromosomes 1-23, X and Y were retained. Gene expression levels (FPKMs) were estimated using CuffNorm from the Cufflinks package v2.2.1 (Trapnell et al., 2012) . Differential expression analysis was carried out using CuffDiff from the Cufflinks package v2.2.1 with default settings.
ChIP and ChIP-seq analysis
ChIP and ChIP-seq was carried out as described previously (Wiseman et al., 2015) . For ChIP-qPCR, 5 x 10 6 cells, 20 μl appropriate Dynabeads™ (Protein A beads for rabbit IgG and Protein G beads for mouse IgG; ThermoFisher, 10004D/10002D) and either 1 μg HNF4A antibody (R&D Systems, PP-H1415-00), GATA6 antibody (CST, D61E4 XP) was used. PCR was carried out using the primer pairs detailed in Table S10 . For ChIP-seq, 1 x 10 7 cells, 2.5 µg antibody and 50 μl Dynabeads™ were used. Either normal rabbit IgG (Millipore, or normal mouse IgG (Millipore, 12-371) antibody was used in parallel as control experiments. DNA libraries were prepared using TruSeq ChIP sample prep kit (Illumina) and sequenced on a HiSeq 4000 (Illumina) platform. Sequencing reads were aligned to NCBI Build hg19 using Bowtie2 v2.2.3 (Langmead et al., 2009 ). Only reads with a mapping quality >q30 were retained. Peak calling was performed on individual replicates using MACS2 v2.1.1 (Zhang et al., 2008) using default parameters with additional -SPMR parameter. The overlap of peaks between two independent biological datasets was calculated using BEDtools v2.26.0 (Quinlan and Hall, 2010) using bedtools intersect with default settings and using replicate one as a reference. Peaks present in both datasets were taken forward for further analysis.
ATAC-seq and analysis
ATAC-seq was performed as described previously . Differential accessibility was determined by merging alignment files of all datasets from both conditions and peaks recalled using MACS2 v2.1.1 (Zhang et al., 2008) . The top 50,000 regions ranked by q-value were taken forward, a region +/-250bp was taken around the peak summit and regions were separated by promoter (-2.5kb,+0.5kb) and non-promoter regions. Promoter and non-promoter regions were tested for differential accessibility using CuffDiff from the Cufflinks package v2.1.1 (Trapnell et al., 2012) . Differential accessible regions with a linear fold change of >5 and a p-value of <0.05 were considered significant and were subject to further analyses.
Bioinformatics analysis.
To visualise ATAC-seq and ChIP-seq tag densities, normalised tags were counted using HOMER v4.7 annotatePeaks.pl with -hist parameter (Heinz et al., 2010) and plotted in Microsoft Excel. Chromatin accessibility and gene expression heatmaps at individual loci/genes were drawn using Morpheus (https://software.broadinstitute.org/morpheus/) and hierarchical clustering was performed with this software using 1-Pearson's correlation unless otherwise stated. ChIP-seq heatmaps and correlation plots were drawn using DeepTools v2.5.2 (Ramírez et al., 2016) . De novo motif analysis was carried out using HOMER v4.7 findMotifsGenome.pl with -cpg and -mask parameters and motif counting within regions was also carried out using HOMER v4.7 annotatePeaks.pl with -m parameter (Heinz et al., 2010) . ATAC-seq and ChIP-seq gene annotation to hg19 was performed using HOMER annotatePeaks.pl, implementing the closest gene model. Gene ontology analysis was carried out using Metascape (metascape.org; Tripathi et al., 2015) . Principal component analysis scores were calculated using prcomp in R from ATAC counts in the top 50,000 accessible regions ranked by qvalue and were plotted using Microsoft Excel. Correlation plots were generated using R package Corrplot (Wei and Simko, 2017 ; https://github.com/taiyun/corrplot). Footprinting analysis on a subset of ATAC peaks was carried out using the Wellington footprinting algorithm in the pyDNase package v0.2.4 (Piper et al., 2013) and genome-wide simultaneous differential accessibility and footprinting analysis was carried out using BaGFootR v0.9.7 (Baek et al., 2017) .
Protein isolation and analysis.
Protein was isolated from 2 x 10 5 cells by lysing cells in RIPA buffer on ice and sonicating for 5 minutes 30s on/off (Diagenode bioruptor). Protein was quantified using Pierce™ BCA Protein Assay Kit (ThermoFisher, 23227) . Equal amounts were run on 10% poly-acrylamide gel electrophoresis gels and transferred to Amersham Protran nitrocellulose membrane (GE life sciences, 1060002). Membranes were blocked in Odyssey® Blocking Buffer (PBS) (Licor, 927-4000), probed with anti-HNF4A (R&D Systems, PP-H1415-00), anti-GATA6 (CST, D61E4 XP), anti-Tubulin (Sigma, T9026) antibodies with IRDye® secondary antibodies (Licor, 925-32212, 925-32213) and scanned with Odyssey® IR scanner (Licor).
Lentivirus vectors, transduction and stable cell line production.
A lentiviral vector containing HNF4A was generated by amplifying HNF4A from pcDNA3.1-HNF4A8 (a gift from Frances Sladek; Vuong et al., 2015) with primers containing restriction enzyme sites for BamHI and EcoRI (5'-GATCGGATCCCCCACCATGGTCAGCGTG-3', ADS6352; 5'-GATCGAATTCCGCTAGATAACTTCCTGCTT-3', ADS6353). The PCR fragment was inserted into pENTR1A and transferred to pInducer20 by Gateway cloning to create pAS4393. A lentiviral vector containing GATA6 (pSLIKneo 3XFLAG-wtGATA6-3XAU1_RNAi resistant) was a gift from Kevin Janes (Addgene, 72616; Chitforoushzadeh et al., 2016) . The BleoR gene was amplified from this plasmid using primers containing restriction enzyme sites for XhoI and PacI (5'-GATCCTCGAGGTGTGTCAGTTAGGGTGTGG-3', ADS6354; 5'-GATCTTAATTAATCGAAATCTCGTAGCACGTG-3', ADS6355) and inserted back into pSLIKneo 3XFLAG-wtGATA6-3XAU1_RNAi resistant using XhoI and PacI sites to create pAS4395. Lentiviruses were produced as previously described (Nowicki-Osuch et al., 2017) . Briefly, HEK293T cells were transfected with pMD2.G (Addgene, 12259), psPAX2 (Addgene, 12260) and the target plasmid using Polyfect (Qiagen, 301107) . Viral particles were precipitated from media using PEG-it (System Biosciences, LV810A-1) and Het1A cells were transduced by viral particles using Polybrene (EMD Millipore, TR-1003) as the transduction reagent. Het1A cells containing viral particles were selected with either G418 for Het1A-HNF4A cells (500 µg/mL) or Zeocin for Het1A-GATA6 cells (300 µg/mL) for 14 days to ensure that all non-transduced cells were dead. Selected cells were maintained in DMEM containing either 250 µg/mL G418 (ThermoFisher, 10131027) or 100 µg/mL Zeocin™ (ThermoFisher, R25001).
Statistical analysis.
To determine statistical significance between two groups, a Student's unpaired two-tail T-test was carried out using GraphPad Prism v7. To assess the significance of motif co-occurance distributions, a Chi-squared test was carried out in GraphPad Prism v7. To assess the significance of gene/region overlaps, a hypergeometric distribution test was carried out using the phyper function in R. P-values <0.05 were considered as significant.
Data access.
Data generated in this study are available at ArrayExpress (ATAC-seq data from Barrett's tissue, E-MTAB-6751; HNF4A and GATA6 ChIP-seq data from OE19 cells, E-MTAB-6858; RNAseq data for HNF4A and/or GATA6 knockdown in OE19 cells, E-MTAB-6756; ATAC-seq data from Het1A (+dox), Het1A-HNF4A and Het1A-GATA6 (2d and 4d), E-MTAB-6931). Human oesophagus, Barrett's, highgrade dysplastic Barrett's and OAC RNA-seq was sourced from ArrayExpress (E-MTAB-4054) ( 
